Genome sequencing projects in the last decade revealed numerous cryptic biosynthetic pathways for unknown secondary metabolites in microbes, revitalizing drug discovery from microbial metabolites by approaches called genome mining. In this work, we developed a heterologous expression and functional screening approach for genome mining from genomic bacterial artificial chromosome (BAC) libraries in Streptomyces spp. We demonstrate mining from a strain of Streptomyces rochei, which is known to produce streptothricins and borrelidin, by expressing its BAC library in the surrogate host Streptomyces lividans SBT5, and screening for antimicrobial activity. In addition to the successful capture of the streptothricin and borrelidin biosynthetic gene clusters, we discovered two novel linear lipopeptides and their corresponding biosynthetic gene cluster, as well as a novel cryptic gene cluster for an unknown antibiotic from S. rochei. This high-throughput functional genome mining approach can be easily applied to other streptomycetes, and it is very suitable for the large-scale screening of genomic BAC libraries for bioactive natural products and the corresponding biosynthetic pathways.
M icrobial natural products have been a main source of drugs during the last century due to their diverse structures and bioactivities (1) . The natural product drug pipeline seems to have stalled in the last 3 decades, even though recent Streptomyces genome sequencing projects have uncovered multiple biosynthetic gene clusters (BGCs) for undiscovered natural products (secondary metabolites), far exceeding the number of known metabolites (2) (3) (4) . However, those BGCs are usually cryptic under laboratory conditions, producing very little or no corresponding secondary metabolites, which are needed for biological testing (5, 6) .
Different approaches have been developed to activate the cryptic BGCs for coelichelin, clostrubin, stambomycin, and malleilactone in the original strains, using medium optimization, regulator engineering, and feeding of chemical elicitors, respectively (6) (7) (8) (9) . Alternatively, entire biosynthetic gene clusters were cloned and transferred to surrogate expression hosts for the production of natural products. BGCs of interest are often cloned using cosmid or bacterial artificial chromosome (BAC) libraries. For instance, the arimetamycin BGC (40 kb) was identified from cosmid libraries of soil metagenomes (10) . Bacterial BGCs are usually 10 to Ͼ100 kb in length. Cosmids can take DNA inserts up to 45 kb. BACs can take inserts up to 490 kb (11) . Therefore, BAC libraries were used to capture large BGCs: for example, the giant daptomy-cin BGC (128 kb) from Streptomyces roseosporus NRRL11379 (12) . BGCs of interest can also be cloned by other methods, such as restriction digestion and ligation to a BAC vector, pSBAC (meridamycin [95 kb]) (13) , transformation-associated recombination in yeast (taromycin [67 kb]) (14) , or linear-plus-linear homologous recombination (15) . Since Escherichia coli cloning host is not suitable to express high-GC-percentage Streptomyces DNA (16, 17) , the cloned large BGCs should be introduced into the ⌬cpk ⌬cda rpoB(C1298T)], and S. coelicolor M1154 [⌬act ⌬red ⌬cpk ⌬cda rpoB (C1298T) rpsL(A262G)] (18) were used as heterologous expression hosts to optimize metabolite production. E. coli DH10B was used as the host for BAC library construction. E. coli ET12567 bearing the RK2-derived helper plasmid pUB307 (23) was used to facilitate the intergeneric triparental conjugation from E. coli DH10B/BACs to Streptomyces. Staphylococcus aureus, Bacillus mycoides, Mycobacterium smegmatis mc 2 155, and Saccharomyces sake were used as indicators for the bioassay experiments.
pHL921 (see Fig. S1 in the supplemental material), bearing the origin of transfer from RK2 (oriT RK2 ) and int and attP from the Streptomyces phage ⌽C31, was used for the construction of a genomic BAC library so that the resultant BAC clones can be mobilized and integrated into the Streptomyces chromosome at the site of attachment, attB. 2B8 and 8E6 were BAC clones bearing the streptothricin gene cluster. 8H1 was the BAC clone bearing the borrelidin gene cluster. 2A6, 3E5, 5A8, 8C10, and 8D1 were BAC clones bearing the cda2 gene cluster. 2F3, 6E1, 6F11, and 8A11 were BAC clones bearing the gene cluster for the unknown antibiotic. All strains, plasmids, and BACs used in this study are listed in Table 1 .
E. coli strains were grown in Luria-Bertani (LB) broth at 37°C. Streptomyces strains were grown on soya flour medium (SFM) agar (27) at 30°C for sporulation. Streptomyces spores were suspended in 2ϫ YT (yeast extract-tryptone) broth and heat shocked for 10 min at 50°C for conjugation (27) . The E. coli-Streptomyces conjugation mixture was plated on SFM agar supplemented with MgSO 4 to 20 mM. SFM (27) , GYM (28), YBP (29) , and R3 (28) media were used for the fermentation of Streptomyces. S. aureus and B. mycoides were grown in LB at 37°C, M. smegmatis mc 2 155 was grown in LB with 1% glycerol and 0.1% Tween 80 at 37°C, and S. sake was grown in potato dextrose broth (PDB) at 30°C. LB soft agar, LB (with 1% glycerol) soft agar, and PDB soft agar (0.5% agar for each) were used for the overlaying of indicators onto the microfermentation plates.
Metabolic analysis of S. rochei Sal35 and BAC-containing Streptomyces strains. S. rochei Sal35 and BAC-containing Streptomyces strains were fermented on agar-solidified medium (35 ml medium per 9-cm petri dish) for 6 days at 30°C. S. rochei Sal35 was fermented on SFM, GYM, YBP, and R3 media. S. coelicolor M1154/8E6 was fermented on R3 medium. S. coelicolor M1152/8H1 was fermented on GYM medium. S. coelicolor M1152/8D1, S. coelicolor M1154/8D1, and S. lividans SBT18/8D1 were fermented on R3 medium. Solid ferment from each dish was sliced individually and extracted with 35 ml methanol-ethylacetate-acetic acid in an 80:20:5 mixture for three times. The extract was concentrated under reduced rotary evaporation (Buchi R210 rotary evaporator) at 40°C and dissolved in 1 ml methanol (MeOH). The crude extract (20 l) was analyzed by high-performance liquid chromatography coupled with a diode array detector and followed by mass spectrometry (HPLC-DAD-MS). Borrelidin and lipopeptides were analyzed on a reverse-phase C 18 (30) .
Construction of the genomic BAC library of S. rochei Sal35. The genomic BAC library of S. rochei Sal35 was constructed according to the standard protocol (31) . Genomic DNA of S. rochei Sal35 was prepared in agarose plugs and then partially digested with Sau3AI in situ and separated by pulsed-field gel electrophoresis (PFGE). High-molecular-weight DNA fragments were recovered from the agarose gel by electroelution using a Bio-Rad model 422 Electro-Eluter at 10 mA/tube for 2 h at 4°C in 1ϫ TAE buffer (0.04 M Tris-acetate, 1 mM EDTA). pHL921 (see Fig. S1 in the supplemental material) was digested with BamHI, and the 13.7-kb fragment was gel purified, dephosphorylated, and ligated with the partially digested genomic DNA. The ligation mixture was desalted and concentrated on a Millipore 0.025-m-pore filter with 10% polyethylene glycol (PEG) 8000 for 2 h at 4°C and electroporated into E. coli DH10B competent cells. The electroporation mixture was incubated for 1 h in LB at 37°C and then spread onto LB agar plates containing 50 g/ml apramycin for selection of BAC constructs.
LEXAS screening of the S. rochei Sal35 BAC genomic library. The mobilization of the BAC clones from E. coli host to Streptomyces was accomplished using a high-throughput triparental conjugation approach, including E. coli ET12567/pUB307 (helper), DH10B/BAC strains (donors), and S. lividans SBT5 (recipient). The BAC library (conjugation donor) was inoculated into 96-well plates with LB (130 l per well) and cultured for 4 to 6 h to an optical density at 600 nm (OD 600 ) of 0.4 to 0.6. The helper ET12567/pUB307 was also cultured in LB (100 ml) with 50 g/ml kanamycin to an OD 600 of 0.4 to 0.6, collected by centrifugation, washed three times with fresh LB, and resuspended in 15 ml LB. Then, 20 l of concentrated ET12567/pUB307 was pipetted into each DH10B/BAC well, resulting in a helper/donor ratio of approximately 1:1, and mixed thoroughly by shaking on a rotary shaker (Lab-Therm LT-X; Kuhner, Basel, Switzerland) at 200 rpm for 5 min. In the meantime, fresh S. lividans SBT5 spores were collected from two petri dishes of fully sporulated cul-ture (on SFM, 30°C, 5 to 6 days) and suspended in 4 ml 2ϫ YT medium to yield a spore suspension of ca. 10 9 CFU/ml. The spore suspension was incubated in a water bath for 10 min at 50°C, cooled down to room temperature, and spread on MgSO 4 -supplemented SFM plates (9-cm petri dishes) at 200 l/dish. The spore-coated SFM plates were blow-dried in a laminar hood for 30 min. The E. coli donor-helper mixtures were then transferred by a 48-pin replicator onto the spore-coated plates. S. lividans SBT5 spores collected from two SFM agar dishes were sufficient for the triparental conjugation of a genomic library with 960 clones stored in 96-well plates. After the E. coli cell mixtures were transferred to the sporecoated plates, the RK2-derived helper plasmid pUB307 in ET12567 would transfer itself into the DH10B/BAC cells to induce the mobilization of the oriT RK2 -containing BACs for conjugative transfer to S. lividans SBT5. After 12 to 16 h of incubation at 30°C, the conjugation plates were flooded with apramycin and spectinomycin to a final concentration of 50 g/ml for selection of exconjugants containing intact BAC clones and trimethoprim (50 g/ml) to remove the E. coli donor and helper strains and then incubated at 30°C for another 4 to 6 days. Exconjugants, when sporulated well, were transferred with a 48-pin replicator onto SFM plates containing apramycin (50 g/ml) and nalidixic acid (25 g/ml) to remove possible residual E. coli donor and helper strains and S. lividans SBT5.
The resultant library of S. lividans SBT5 exconjugants was then replicated to the selected productive media SFM, GYM, R3, and YBP for a 6-day microfermentation at 30°C. Indicator strains premixed with soft agar were overlaid onto the fermentation plates and incubated for 24 to 48 h for the observation of inhibition zones. Identification of streptothricins and borrelidin. Specific PCR primers designed for amplification of DNA fragments from the stt and bor pathway and LC-MS spectrometry were used to identify streptothricins and borrelidin.
DNA sequence. The BAC DNA sequences were determined by using the Roche/454 GS (FLX Titanium) sequencing platform, and the assembled DNA sequences were submitted to antiSMASH (http://antismash .secondarymetabolites.org/) for secondary metabolite BGC analysis (32) . The 16S rRNA gene was obtained by sequencing the PCR product amplified from S. rochei Sal35 genomic DNA using primers Fwd1 (AGAGTTT GATCATGGCTCAG) and Rev1 (GGTTACCTTGTTACGACTT).
Isolation and purification of linear lipopeptides 8D1-1 and 8D1-2. Fresh spores of S. coelicolor M1152/8D1 were spread uniformly onto 30 liters of solidified R3 medium and cultured for 6 days at 30°C. The fermented culture was extracted three times with equal volumes of methanol-ethylacetate-acetic acid in an 80:20:5 mixture. The organic extract was concentrated under reduced pressure at 40°C in a rotary evaporator (Heidolph Laborota 20 control safety), dissolved in 3 liters of sterile water, and flushed through a CHP20P column eluted with an H 2 O-MeOH gradient. The fractions containing 8D1-1 and 8D1-2 were collected, loaded onto a C 18 reverse-phase column, and eluted with the H 2 O-MeOH mixture from 50% to 100% MeOH. The 60% and 70% MeOH eluents containing 8D1-1 and 8D1-2 were collected, injected into a semipreparative C 18 reversephase column (Agilent Zorbax ODS C 18 , 5 m, 9.4 by 250 mm), and eluted with H 2 O (0.1% formic acid [A]) and ACN (B). A 15-min isocratic elution with 48% B at a flow rate of 2 ml/min was used. 8D1-1 and 8D1-2 were eluted at 5.7 and 8.9 min, respectively. Finally, 20 mg of 8D1-1 and 15 mg of 8D1-2 were prepared. Chemical structures of 8D1-1 and 8D1-2 were determined by high-resolution mass spectrometry, tandem MS (MS/ MS), and one-dimensional (1D) and 2D nuclear magnetic resonance (NMR) spectrometry.
Marfey assay for chiral analysis of amino acids. For determination of the configuration of 4-hydroxyphenylglycine 6 (Hpg6) and 3-OH-Asn9, a sample of ca. 0.1 mg 8D1-1 was hydrolyzed in 2 ml 6 N HCl in a sealed tube at 120°C for 24 h. The hydrolysate was dried under reduced pressure at 50°C in a Buchi R210 rotary evaporator, dissolved in 20 l double-distilled water (ddH 2 O), and transferred to a 1.5-ml Eppendorf tube, and 40 l of 1% acetone solution of N-(5-fluoro-2, 4-dinitrophenyl)-D-alaninamide (FDAA [Marfey's reagent]) and 8 l of 1 M NaHCO 3 solution were added to the hydrolysate for derivatization. The reaction mixture was heated at 40°C with frequent shaking for 1 h over a hot plate and then cooled to room temperature. The reaction was quenched by adding 4 l of 2 N HCl and diluted with 200 l MeOH for LC-MS analysis (33) . To determine the configuration of Trp3, a sample of 0.1 mg 8D1-1 was hydrolyzed in a 2-ml solution of trifluoroacetic acid-HCl at 1:2 (5% thioglycolic acid) in a sealed tube at 166°C for 0.5 h (34). The hydrolysate was then dried under reduced pressure at 60°C and treated by the same procedure as above. Standards (L/D-Hpg, 3-OH-L-Asp, and L/D-Trp) were derivatized using the same procedure.
LC-MS analysis for FDAA-derivatized amino acids. FDAA-derivatized amino acids (2 l) were injected to Agilent G6530 high-resolution electrospray ionization-quadrupole time of flight (HRESI-QTOF) mass spectrometer equipped with an Agilent 1260 HPLC system on a C 18 reverse-phase column (Agilent Zorbax ODS C 18 
RESULTS

LEXAS procedure to discover antibiotics and biosynthetic gene clusters in Streptomyces.
LEXAS is designed to discover antibiotics and BGCs in Streptomyces. The procedure ( Fig. 1) involves an engineered antibiotic-overproducing S. lividans strain, SBT5, that allows high-frequency conjugative DNA transfer from E. coli (cloning host of the BAC library) and stimulates production of antibiotics encoded by heterologous BGCs from genomic libraries of Streptomyces strains. We developed a high-throughput library conjugation procedure by modifying the standard triparental conjugation protocol (27) to guarantee that each primary BAC clone in E. coli results in a single exconjugant Streptomyces culture. As a result, multiple cryptic BGCs from a natural strain are separated and distributed into an array of discrete exconjugants suitable for optimized heterologous expression. This enables bioassay-guided high-throughput screening of the library specifically for BGCs producing antibiotics. Because each BAC clone is transferred to Streptomyces individually in an orderly manner, it is simple to trace active clones back to the original E. coli transformants in 96-well plates, allowing facile DNA sequencing and making genetic modifications.
The LEXAS procedure comprises four steps.
Step 1 is to construct a BAC genomic library in E. coli DH10B using high-molecular-weight DNA fragments from the target Streptomyces strain. E. coli DH10B maintains the cloned DNA stably, but it does not support expression of the Streptomyces genes. The E. coli-Streptomyces shuttle vector pHL921 was specifically designed to carry the entire long insert DNA into Streptomyces for heterologous expression ( Fig. 1; see Fig. S1 in the supplemental material). In pHL921, two antibiotic resistance genes, aacC4 and aadA, were placed on both sides of oriT RK2 to provide dual selection to avoid previously reported abortive conjugation (22) .
In step 2, the BAC clones are mobilized to Streptomyces in a high-throughput way. Three Streptomyces species were tested as recipients using DH10B/pHL921 cultured in 96-well microtiter plates. S. lividans SBT5 produced exconjugants corresponding to all wells, while S. coelicolor and S. avermitilis produced none. S. lividans SBT5 was therefore selected as the primary host for highthroughput expression of BAC libraries. Because of engineered gene deletions, S. lividans SBT5 has lost the ability to produce the endogenous actinorhodin, undecylprodigiosin, and calcium-dependent antibiotics, but it has three global activators that favor the production of antibiotics from cloned exogenous BGCs (20) .
Step 3 is a bioassay for antimicrobial activity. The resulting exconjugants, each containing a single BAC clone inserted site specifically into the S. lividans SBT5 chromosome, are replica plated to different agar media for microfermentation. Overlaying with antibiotic-sensitive indicator strains reveals growth inhibition zones around exconjugants that produce an antibiotic encoded by the BAC clones.
Step 4 is divided into two parts for identification of secondary metabolites (4a) and corresponding BGCs (4b).
Step 4a involves testing of active clones in alternative expression hosts such as S. coelicolor M1152, S. coelicolor M1154, and S. lividans SBT18, to achieve optimal antibiotic production for structure elucidation and biological testing. Conjugative transfer of specific pHL921derived BAC clones into strains other than S. lividans SBT5 is possible using more cells and one petri dish for each standard triparental mating. In step 4b, related, overlapping clones are identified using restriction enzyme digestion, PCR, and sequencing.
Production of streptothricins and borrelidin by S. rochei Sal35 and the LEXAS clones. As a test for the validation of the LEXAS procedure, we chose S. rochei Sal35, recently isolated from Shennongjia (Eastern Hubei) forest soil. Other S. rochei strains have previously been reported to hold BGCs for the production of streptothricin (30) , borrelidin (35) , lankacidin (36) , and lankamycin (37) . PCR primers were designed to detect the homologous BGCs in S. rochei Sal35. Streptothricin primers (stt) targeting the two stand-alone adenylation domain-coding genes orf5 and orf19 and the resistance gene sttA resulted in specific PCR products of 1.5, 0.7, and 1.7 kb, as expected from the documented stt gene cluster (30) . Borrelidin primers (bor) targeting the precursor trans-cyclopentane dicarboxylic acid synthesis gene borE, polyketide synthase (PKS) gene borA2, and postmodification of nitrile group introduction gene borJ resulted in the expected PCR products of 0.7, 1.5, and 1.2 kb (35) ( Table 2 and Fig. 2b) . The sequences of all the PCR products confirmed the presence of the expected stt and bor genes in S. rochei Sal35. Lankacidin primers (lkc) targeting the PKS genes lkcC and lkcF and amine oxidase gene lkcE and lankamycin primers (lkm) targeting the two P450 hydroxylase genes lkmF and lkmK and the ␤-glucosidase gene lkmH were also designed to probe the lkc and lkm pathways in S. rochei Sal35 ( Table 2 ). However, the lankacidin (lkc) and lankamycin (lkm) primers did not give specific PCR products, suggesting the absence of lkc and lkm pathways in S. rochei Sal35. The lkc and lkm pathways were reported to be located on a 210-kb linear plasmid pSAL2-L in S. rochei 7434AN4 (36, 37) , while no plasmid band was detected by PFGE in S. rochei Sal35, further supporting the absence of lkc and lkm pathways. In addition to the PCR amplifications, the crude extracts of S. rochei Sal35 ferments were also analyzed by HPLC-DAD-MS. In accordance with the PCR results, streptothricins (ST-B, ST-C, ST-D, ST-E, and ST-F) and borrelidin, but not lankacidin or lankamycin, were detected in the methanol extracts, which indicated that S. rochei Sal35 could only produce streptothricins and borrelidin ( Fig. 2c and d ; see Fig. S2 in the supplemental material).
To test the LEXAS, a BAC genomic library of S. rochei Sal35 was constructed with 768 independent E. coli clones with an average insert size of ca.100 kb, providing ca. 8 genome equivalents of cloned DNA (see Fig. S3 in the supplemental material). The highthroughput library conjugation gave rise to S. lividans exconjugants for 93% of all BAC clones (Fig. 3a) . After microfermentation and antimicrobial screening, 12 (1.7%) S. lividans SBT5 exconjugants from the BAC library exhibited antimicrobial activity ( Fig.  3a and Table 3 ; see Fig. S4 in the supplemental material). All of the 
Primer orientation: F, forward; R, reverse.
12 BAC clones were extracted for restriction enzyme analysis and grouped into 4 contigs according to the restriction patterns (Table  3 and Fig. 4a and b ; see Fig. S5 in the supplemental material). PCR detection with specific stt and bor primers revealed the presence of the bor pathway in contig 1 (8H1) and the stt pathway in contig 2 (2B8 and 8E6) ( Fig. 3b ; see Fig. S6a in the supplemental material). Metabolic profiling of the Streptomyces exconjugants of 8E6 and 8H1 also revealed the accumulation of streptothricins and borre-lidin, respectively ( Fig. 3c; see Fig. S6b ). In addition, compared to the original strain, S. rochei Sal35, S. coelicolor M1154/8E6 produced more streptothricin components ( Fig. 3c ; see Fig. S2a in the supplemental material). This demonstrated that LEXAS could be used to capture and express large BGCs. Furthermore, BAC clones of contigs 3 and 4 gave no band in PCR amplification when stt or bor primers were used. When isolated BAC DNA of these contigs was transferred to E. coli and conjugated to S. lividans SBT5, all resulting exconjugants displayed antibacterial activity. These findings suggested that contigs 3 and 4 might carry cryptic BGCs for previously unreported metabolites in S. rochei strains.
Identification of two linear lipopeptides from BAC clone of contig 3. One of the active BAC clones, 8D1 of contig 3, was introduced into S. lividans SBT18, S. coelicolor M1152, and S. coelicolor M1154. The exconjugants were fermented on R3 medium, extracted, and analyzed by HPLC and LC-MS to detect new compounds. Compared with the vector control, two differential HPLC peaks were observed in S. coelicolor M1154/8D1 and S. coelicolor M1152/8D1 (Fig. 4c ). The molecular formula was determined using HRESI-MS to be C 66 H 80 N 14 O 27 for peak 1 compound (named 8D1-1; m/z, 1,501.5455 [MϩH] ϩ ) and C 66 H 82 N 14 O 28 for peak 2 compound (named 8D1-2; m/z, 1,519.5476 [MϩH] ϩ ) (Fig. 4c ), None of these was represented in the SciFinder or PubChem databases (38) . 8D1-1 and 8D1-2 were also detected in the extract of S. lividans SBT18/8D1 by HPLC (see Fig. S7 in the supplemental material). Furthermore, calcium-dependent antibiotic (CDA) components CDA3a, CDA3b, CDA4a, and CDA4b were detected in S. lividans SBT18/8D1 by HRESI-MS (see Fig. S7 ), suggesting that BAC clone 8D1 complemented the CDA production in S. lividans SBT18, whose endogenous CDA biosynthetic pathway has been disrupted (see Fig. S8 in the supplemental material). In addition, HPLC and MS analyses of S. rochei Sal35 extracts, fermented in four different production media, indicated that the native strain did not produce these compounds (see Fig. S9 in the supplemental material).
To elucidate the chemical structure of these new compounds, 20 mg of 8D1-1 and 15 mg of 8D1-2 pure compounds were prepared by macroporous resin column and reverse-phase column chromatography from S. coelicolor M1152/8D1 extract. The structure of 8D1-1 was determined by MS/MS, 1 H-NMR, 13 C-NMR, and 2D NMR as a linear lipopeptide with an undecapeptide, Ser1-Thr2-Trp3-Asp4-Asp5-Hpg6-Asp7-Gly8-Han9-Glu10-Trp11, linked at the NH 2 terminus by a 3-propyloxirane-2-carboxylic acid (Poc) with an amide bond, where "Hpg" is 4-hydroxyphenylglycine and "Han" is 3-hydroxyasparagine (3-OH-Asn) ( Fig. 5a and b; see Table S1 in the supplemental material). The structure of 8D1-2 was determined as an epoxy-ring-opened derivative of 8D1-1: i.e., a 2,3-dihydroxyhexanoic acid (Dhh) unit linked with the same undecapeptide ( Fig. 5a ; see Table S2 in the supplemental material). The detailed NMR data of 8D1-1 and 8D1-2 are summarized in Tables S1 and S2.
The primary structure of 8D1-1 is highly similar to that of the cyclic depsipeptide calcium-dependent antibiotic CDA3b produced by S. coelicolor and S. lividans, in which the Trp3, Hpg6, and 3-OH-Asn residues are epimerized to a D-configuration during their incorporation into the final product by the CDA nonribosomal peptide synthetase (NRPS) assembly line (39) . To determine the configuration of these residues in the linear lipopeptides, 8D1-1 was hydrolyzed, derivatized with FDAA, and analyzed by LC-MS in parallel with standard stereoisomeric monomers. Trp3, Hpg6, and 3-OH-Asn of 8D1-1 were determined to be in the L-, D-, and D-configurations, respectively ( Fig. 6 ; see Fig. S10 in the sup- plemental material). In summary, 8D1-1 was a linear and stereoisomeric lipopeptide analog of CDA3b. Bioinformatic analysis of the cda2 gene cluster from S. rochei Sal35 for the biosynthesis of 8D1-1/2. All five BAC clones of contig 3 produced 8D1-1 or -2 in S. coelicolor M1152. Restriction digestion indicated an overlapping region of ca. 81 kb ( Fig. 4a and  b) . DNA sequence analysis revealed that the 81-kb overlapping region contained a cluster of genes similar to the CDA biosynthetic gene cluster from S. coelicolor A3(2), and the comparison of the two BGCs is summarized in Fig. S11 in the supplemental material. Therefore, the name cda2 was given to this gene cluster originating from S. rochei Sal35. cda2 contained all biosynthetic and regulatory genes of the cda pathway that had been reported to be important for the production of CDA3b in S. coelicolor A3(2) (40), including three NRPS genes (cda2PS1, cda2PS2, and cda2PS3), homologous genes for the biosynthesis of trans-2,3epoxyhexanoyl-coenzyme A (CoA), and the nonproteinogenic amino acid 4-OH-Hpg, the modification of Asn9, and transcriptional regulation (see Fig. S11 ). In addition, the NRPS domains in Cda2PS1, Cda2PS2, and Cda2PS3 were organized the same as the counterparts in the S. coelicolor pathway. Specifically, three epimerization domains of the CDA peptide synthases in S. coelicolor A3(2) were also present in Cda2PS1 and Cda2PS2, according to the prediction by the NRPS analysis (41) . The three epimerization domains of CDA NRPSs (two in CdaPS1 and one in CdaPS2) were responsible for the L-to D-configuration conversions of the Trp3, Hpg6, and 3-OH-Asn residues in CDAs (40) . However, the preservation of L-Trp3 in 8D1-1/2 suggested that the corresponding epimerization domain in CdaPS1 did not function during the assembly of these linear lipopeptides. Multiple-sequence alignment of the epimerization domains indicated those functionally important residues documented previously were conserved in the E1 epimerization domain of Cda2PS1, while one residue, Val159, was mutated to Met159 (42) (see Fig. S12 in the supplemental material). This V159M point mutation, probably along with other point mutations, might be responsible for the loss of function of the Cda2PS1 E1 domain leading to the preservation of L-Trp3 during assembly of the lipopeptide intermediates.
Bioinformatic analysis of contig 4. In S. lividans SBT5, the four BAC clones of contig 4 (2F3, 6E1, 6F11, and 8A11) inhibited S. aureus and B. mycoides. The alternative host, S. lividans SBT18/ 8A11, produced the largest inhibition zones and was used to accumulate corresponding metabolites. Unfortunately, no differential HPLC or MS signals were observed by comparative metabolic profiling to S. lividans SBT18/pHL921. We also tried to purify the bioactive metabolites by tracing bioactivity to Bacillus cereus, but we failed to obtain a pure compound because the activity was lost during vacuum drying or lyophilization, which indicates that the compound might have been volatile.
The four BAC clones of contig 4 shared a 68-kb overlapping DNA region (see Fig. S5b in the supplemental material), in which a hybrid arylpolyene-lanthipeptide gene cluster (3) was predicted by antiSMASH (32) . The predicted gene cluster covered a ca. 25-kb DNA region, including homologous genes for a long-chain acyl-CoA synthetase (CoA ligase), two ␤-ketoacyl-acyl carrier protein (ACP) synthases, one ␤-ketoacyl-ACP reductase, one enoyl-ACP reductase, a stand-alone ACP, and a multidomain protein containing a middle Ser/Thr protein kinase domain and a C-terminal lanthionine synthetase C (LanC)-like domain. The predicted functions of the hypothetical proteins are listed in Table  S3 in the supplemental material.
DISCUSSION
The millions of cryptic BGCs in microbial genomes are a potential treasure trove for future drug development (3-5, 43, 44) . However, most BGCs in natural strains are silent under laboratory conditions. The coexistence of multiple secondary metabolite BGCs in one microbial strain imposes an additional tier of complications to antibiotic discovery. The LEXAS procedure described here is essentially a heterologous expression approach for activating and mining of cryptic metabolites from Streptomyces, the most productive genus of bacteria. The library conjugation procedure of LEXAS allowed partitioning of multiple cryptic BGCs of natural Streptomyces strains into arrays of single Streptomyces exconjugants for heterologous expression, thereby eliminating potential interpathway competition for common biosynthetic substrates, cross talk or cross regulation, and interference in bioassays. Furthermore, the utilization of the engineered antibiotic overproduction host S. lividans SBT5 allowed efficient activation of production of otherwise cryptic compounds, such as the linear lipopeptides 8D1-1 and -2 in this study. One important feature of LEXAS is the high-throughput bulk transfer of the genomic BAC library in 96-well plates to S. lividans SBT5 to generate a "well-to-spot" copy of the exconjugant library. Therefore, the subsequent bioactive hits could be easily traced back to the E. coli clones in the 96-well plates. Consequently, the positive clones could be easily sequenced, genetically modified, or transferred to surrogate hosts for optimized production of secondary metabolites.
LEXAS is based on the BAC library, which can bear exogenous DNA fragments of 100 kb and more (11) ; therefore, it is suitable to mine secondary metabolites encoded by large BGCs such as the giant PKS and NRPS gene clusters, as demonstrated here by the large gene clusters of streptothricins (ϳ40 kb), borrelidin (ϳ70 kb), and linear lipopeptides 8D1-1 and -2 (ϳ80 kb). In addition, LEXAS was very efficient because conjugative transfer, microfermentation, and the bioassay were all performed in a highthroughput way using 48 different BAC clones representing almost half of a Streptomyces genome per standard petri dish. The 1.7% hit rate in BAC clones and 3 to 4 bioactive contigs from the BAC genomic library of one Streptomyces strain (Sal35) are good signs, given that tens of thousands of strains have been collected by pharmaceutical companies and others. Most importantly, LEXAS is a bioactivity-guided functional mining system, which is independent of sequence analysis. Therefore, it is promising to use LEXAS for discovery of novel antibiotics synthesized by entirely novel enzymes that are not readily predicted bioinformatically.
LEXAS will, of course, rediscover many known antibiotics like streptothricins and borrelidin here. In this work, PCR, DNA sequencing, and LC-MS analysis are used to recognize known BGCs and compounds. However, Baltz developed an E. coli K-12 indicator strain that is resistant to most commonly rediscovered antibiotics, such as streptothricin, streptomycin, tetracycline, chloramphenicol, ampicillin, bleomycin, rifampin, and aminoglycosides, by inserting their resistance genes into the chromosome (45) . This strain could also be introduced to the LEXAS procedure to exclude known antibiotics.
Three routes have been reported to generate linear peptide carboxylates instead of cyclic peptide lactones/lactams in mi- residues in 8D1 were mainly in the L-configuration, while Trp3 and Trp11 in CDA3b should be in the D-configuration and L-configuration, respectively. In addition, a 1:1 ratio of L-Trp to D-Trp in CDA3b should be expected (39) . Small amounts of D-tryptophan were also detected in 8D1-1, possibly because of partial activity of E1 domain. (b) Mass spectrum of FDAA-L/D-Trp. crobes: (i) a C-terminal thioesterase (TE) domain of ACV synthetase catalyzed hydrolysis of the enzyme-S-peptide intermediate in the penicillin biosynthetic pathway (46) , (ii) a serine protease catalyzed hydrolysis of the ester bond of the cyclic depsipeptide daptomycin in actinomycetes (47) , and (iii) mutations in epimerization domain disabled the formation of D-configured amino acid residues (42) , which might influence proper folding of the acylpeptide intermediate required for the intramolecular cyclization reaction to proceed (48) . In this study, Cda2PS3 of the 8D1-1/2 biosynthetic pathway has a C-terminal TE domain and the same NRPS domain architecture as CdaPS3: i.e., C-A-T-C-A-T-TE. The restored production of cyclized CDA3a/b and CDA4a/b in S. lividans SBT18/8D1 suggested that the TE domain of Cda2PS3 possessed cyclization activity like CdaPS3-TE (49) . Based on the genetic complementation data and the fact that the linear lipopeptides 8D1-1 and -2 contain an L-Trp3 in place of D-Trp3, here we propose that the third route is responsible for the generation of the linear products in the cda2 pathway: the Cda2 NRPS machinery generates L-Trp3-lipopeptide-enzyme intermediates, which cannot be cyclized by Cda2PS3-TE, and consequently, hydrolysis of the intermediates releases the linear products. Because both S. lividans and S. coelicolor are native producers of CDAs and no linear derivative has been reported in either strain, it is unlikely that 8D1-1 or 8D1-2 is generated from hydrolysis by an endogenous serine protease as in the case of daptomycin hydrolysis (47) .
In conclusion, the LEXAS procedure established in this study is ready for functional genome mining, its usefulness was demonstrated in the discovery of metabolites encoded by very large BGCs, including an aminoglycoside (streptothricins), a polyketide (borrelidin), two linear lipopeptides (8D1-1 and -2), and one unknown antibiotic, of which the last two were reported for the first time in strains of S. rochei.
